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Abstract Any perturbation to the thermodynamic equilibrium by exploitation may push out hydrate-bearing sediments
(HBS) out of the stability zone, thus inducing hydrate dissociation, loss of cementation, which, in turn, can cause subma-
rine landslides and loss of platform foundations during gas extraction operations. Therefore, a thorough understanding of
mechanical properties of HBS is of great importance for stability analyses under different environmental conditions. A
series of drained triaxial shear tests were carried out on a self-developed apparatus with the samples prepared by gas dif-
fusion method, in which the time domain reflectometry technique was used in measurement of hydrate saturations in real
time. A meso-mechanical and mixed model for the elastic modulus of HBS was proposed based on the classical series and
parallel models, including the parameter of statistical force transfer paths between particles in HBS. A constitutive model
of HBS was improved by coupling the statistical damage theory and the Mohr-Coulomb failure criterion. It is shown
that the stress-strain curve changes from strain-hardening into strain-softening with the increase of hydrate saturation and
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the decrease of effective confining pressure; the secant modulus and the peak strength of HBS increase when the hydrate
saturation and the effective confining pressure increase; the cohesion of HBS increases obviously with the increase of
hydrate content, and the internal friction angle changed little with the increase of hydrate amount; the proposed mixed
model for elastic modulus and the constitutive model of HBS are both reasonable and feasible.
Key words hydrate-bearing sediments, time domain Reflectometry, triaxial shear tests?mixed model, statistical damage
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1 ???????
1.1 ???????
???????????????? TSZ-2?
???????????????????????
??????????????????????
??????????????????????
??? (? 1).????????????????
??????????????????????
?????????.?????????????
?????? 39.1 mm??? 120 mm???????
?????????????? 10 MPa??????
???? 30 kN??????? −10◦C ∼ 30◦C???
??????? ±0.1◦C? T??????????
???????????? −10◦C ∼ 100◦C????
???????????????? 0∼10 MPa??
?? ±0.1%FS??????????? 11 cm???
? 0.2 mm????????????????? (?
??TDR100)???????? (Campbell Scientific)
????.
? 1 ??????????????????????
Fig. 1 Sketch of the triaxial shear test apparatus for mechanical
properties of HBS
??, 1?????????2????????
3?????4????????5?????6??
?????7 ???????8 ???????9 ?
?????10.1? 10.2?????11??????
??12???????13????14??????
15????16?????17?????18????
???V1,V2,V3,V4,V5? V6???.
????????????????????
???????????? 0.18 mm∼0.25 mm ??
???????????????? 1.53 g/cm3???
?? 38%?????????? 2.47???? 99.9%
???????????????????????
?????????????????? 0.03%??
????????????? [24].
1.2 ???????
????????????????????
? [25] ???????????????????
???????????????. ??????
????????????? S h??????
S h =
φ − θ
φ
(1)
???φ???? (%)?????????????
??????????θ?????? (%)????
??????????????.??? [25]???
??????????????????????
??????????
θ = −11.968 + 4.506K − 0.146K2 + 2.14 × 10−3K3 (2)
???K???????????
K =
(
ct
2L
)2
(3)
???c????????????? (m/s)?L??
??? (m)?t????????????????
????? (s)??? TDR???????????
?? [26].
??????????(1)?????????
??(2)????????????????????
????? 5????????????????
??????? 5???????????????
?????????????(3)????????
?????(4)?? 1.0 MPa??????????
???????????(5)??????????
?????????????????? 0.5 MPa?
???? 12 h ??????????????
(6)?????????????????????
?? 1.0◦C?(7)????????????????
???????????????????????
0.8 mm/min ?????????????????
???????????????.
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2 ???????
2.1 ??--????
???????????????? --???
????? 2 ??. ????: ????????
????--??????????????????
?????????--?????????????
??????????????????????
?--??????????.??????????
???????????????????? [27]?
??????????????????????
??????????????????????
?????? --????????????.???
?????????????????.?????
??????????????????????
??????????????????????
???.???????????????????
??????????????????????
?????.
(a)????? 1.0 MPa
(a) Effective confining pressure is 1.0 MPa
(b)????? 2.0 MPa
(b) Effective confining pressure is 2.0 MPa
(c)????? 4.0 MPa
(c) Effective confining pressure is 4.0 MPa
? 2 ????????????????--??????
Fig. 2 Stress-strain curves of hydrate-bearing sands with different
effective confining pressures
2.2 ????
????????????????????
?. ????????????????????
???????????? 3 ??. ??????
???? 1%?????????.???????
??????????????????????
?????????. ????????????
??????????????????????
??????????????????????
?????????????????.?????
??????????????????????
????????. ?????????????
??????????????????????
? 3 ??????????????????????
???????
Fig. 3 Relationships between secant modulus and hydrate saturation of
hydrate-bearing sands with different effective confining pressures
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??????????????????????
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2.3 ?????????
????????????????????
(????--?????????????? 15%?
????????????)????????? 4
??.????????????????????
??????????????????????
??????????????????????
????.
? 4 ?????????????????????
??????
Fig. 4 Relationships between strength and effective confining pressure
????????????????????
? (??? c????? ϕ)?? 5??.?????
???? ϕ?????????????????
?????????? ϕ???????????
?????? c???????????????
?.?????????????????????
??????????????????????
c???????????? ϕ?????. ???
? [28]????????????????????
???????????? ϕ?????????
60% ?????? 32◦ ????????????
??? 60%????????? c???????
?????????.??? [29]???? [30]???
? [31]???????????.????????
????? 60%????? ϕ?????????
??????? 32◦????????? c???
? 5 ????????????????????
Fig. 5 Strength parameters of hydrate-bearing sands with different
hydrate saturations
??????????????????????
???.
3 ??????
3.1 ????????????
????????????????????
??????????. ???????????
??????????????????????
??????.????????????????
??????????????? (??)?????
????????????? (????????)
??????????????????????
???????????????????????
????????????????.
????????????????????
???????????????? [22]?????
???? [32] ????????????????
??????. ???????????????
??????????????????????
??????????????????????.
???????????????? 6???
????????, A???????? (????
????), B????????? (???).???
????????????????? 2????
?? 2???????????????????
??????????????????????
???????? [33]?????????????
??????? Er??????
Er =
(
nA
EA
+
nB
EB
)−1
(4)
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? 6 ????????????????
Fig. 6 Diagram of the composite-material model for hydrate-bearing sands
???nA? nB????????????????
????? 1 − φS h ? φS h?EA ????????
??????????????--???????EB
??????????????????????
?. ???????????????? Ev ???
???
Ev = nAEA + nBEB (5)
??????????? ER????
F
ERA
(Nrl + Nvl) = Nr FErAl + Nv
F
EvA
l (6)
???F?????l? A???????????
???????????????????
ER =
(
Nv/(Nr + Nv)
Ev
+
Nr/(Nr + Nv)
Er
)−1
(7)
?
fv = NvNr + Nv , fr =
Nr
Nr + Nv
(8)
?? (7)???
ER =
( fv
Ev
+
fr
Er
)−1
(9)
???fv ? fr ????????????????
??????????????????????
???????????????? [33]?????
???????????????????????
?????? [34]???????????????
??????????
fv + fr = 1
fv fr > 0
 (10)
????????????????????
?
EV = f ∗v Ev + f ∗r Er (11)
???f ∗v ? f ∗r ????????????????
??????????????????????
??
f ∗v + f ∗r = 1
f ∗v f ∗r > 0
 (12)
????????????????????
??????????????????????
????????
fv = f ∗r
fr = f ∗v
 (13)
????????????????????
????????
E =
[
1
2
( fv
Ev
+
fr
Er
)
+
1
2
1
fvEr + frEv
]−1
(14)
????????????????????
???????? E ??? fvfr =
√
Ev
Er
? fv fr = 0
????? √EvEr????
√
2EvEr
Ev + Er
.
????????????????????
??? ν??????????
ν =
[
1
2
( fv
νv
+
fr
νr
)
+
1
2
1
fvνr + frνv
]−1
(15)
3.2 ????????
?????????????? --?????
??????????
ε1 =
1
E
[∆σ + (1 − 2ν)σ3] (16)
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???ε1 ???????∆σ?????????σ3
??????.?????? ∆σ?????
∆σ = Eε1 − (1 − 2ν)σ3 (17)
????? (Lemaitre)?????? [35]???
??????????????????????
??????????? [36]??????????
????????????
∆σ = E (1 − D) ε1 − (1 − 2ν)σ3 (18)
???D???????????????????
????????.
3.3 ???????????
????????????????????
??????????????????????
?? (Weibull)???? [37]????? D?????
?
D = 1 − exp
[
−
(
F
F0
)m]
(19)
???F ???????????????m ? F0
?????????.
?? -- ????????????????
??????????????????. ???
? --????????????????????
?????? F?????? [23]
F =
Eε1
[
∆σ − (∆σ + 2σ3) sinϕ]
∆σ + (1 − 2ν)σ3 (20)
???????? m ? F0 ???????
???? --?????????????????
? [21,38]?????????.
????? ε1?????? εf ???????
∆σ?????? ∆σf??? ∆σ? ε1??????
0??
∆σf = Eεf exp
[
−
(
Ff
F0
)m]
− (1 − 2ν)σ3 (21)
∂∆σf
∂ε1
∣∣∣∣∣
ε1=εf
= E exp
[
−
(
Ff
F0
)m]
·1 − Eεf mFm−1fFm0 ∆σf − (∆σf + 2σ3) sinϕ∆σf + (1 − 2ν)σ3
 = 0
(22)
??????????
m =
−Ff
Eεf ln
[
∆σf + (1 − 2ν)σ3
Eεf
] ·
∆σf + (1 − 2ν)σ3
∆σf − (∆σf + 2σ3) sinϕ
(23)
F0 =

−Fmf
ln
(
∆σf + (1 − 2ν)σ3
Eεf
)

1
m
(24)
3.4 ?????????
????????????????????
?????????? --????????? 1 ?
?. ?????????? nA ?????????
nB?????? 1− φS h? φS h???? φ????
0.38???????? EA???????????
??????????????????????
???? fv?????????????????
7?????????? m? F0???? (23)??
(24)????.????????????????
?????? 9.0 GPa[39]????????????
EB?????????????????????
????? 0.2? 0.219[21].
? 1 ?????????????????--????
????
Table 1 Parameters for prediction of experimental stress-strain
curves by constitutive model under different effective
confining pressure
σ3/MPa S h/% nA nB EA/GPa fv m F0/MPa
1
0 1 0
0.3 0.51
0.360 0.09
16.8 0.936 0.064 0.513 6.60
35.6 0.865 0.135 0.582 11.55
58.4 0.778 0.222 0.686 17.12
2
0 1 0
0.48 0.43
0.440 1.65
17.9 0.932 0.068 0.518 8.42
34.3 0.870 0.130 0.568 12.88
56.5 0.785 0.215 0.632 18.61
4
0 1 0
0.8 0.24
0.478 3.80
14.4 0.945 0.055 0.553 12.01
37.1 0.859 0.141 0.540 14.25
56.2 0.786 0.214 0.586 19.05
????????????????????
?????????????????? 7???
????????? --????????????
?????????? 8??.?? 7?????
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(a)????? 1.0 MPa
(a) Effective confining pressure is 1.0 MPa
(b)????? 2.0 MPa
(b) Effective confining pressure is 2.0 MPa
(c)????? 4.0 MPa
(c) Effective confining pressure is 4.0 MPa
? 7 ???????????????????????
????????????
Fig. 7 Comparison of experimental results and predicting curves by the
mixed model of secant modulus of hydrate-bearing sands with
different effective confining pressures
(a)????? 1.0 MPa
(a) Effective confining pressure is 1.0 MPa
(b)????? 2.0 MPa
(b) Effective confining pressure is 2.0 MPa
(c)????? 4.0 MPa
(c) Effective confining pressure is 4.0 MPa
? 8 ????????????????--???????
?????????????
Fig. 8 Comparison of experimental and theoretical stress-strain curves
of hydrate-bearing sands with different effective confining pressures
??????????????????????
??????????????????????
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??????????????????????
???????????????????. ??
8??????????????--???????
??????????????????????
???????????????????????
????????????????? --????
???????????????????????
???????????????.???????
??????????????????????
??????????????????????
??????????????????? --??
??????????????????????
????????????????.
4 ? ?
????????????????????
??????????????????????
??????????????????????
????????????????. ?????
??
(1) ??????????????????
???? --?????????????????
??????????????????????
??????????????????????
????????????????
(2)???????????????????
??????????????????????
??????????????????????
???
(3)???????????????????
??????????????????????
??????????????.
?? ?????????????????
??????????????????????
???????????????
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